Abstract Observational evidence of the impacts of land use/land cover change (LULCC) on changes in surface solar radiation (SSR) in eastern China (EC) during 1979-2008 are identified by using diurnal temperature range as a proxy of SSR and by using observation minus reanalysis approach to disentangle these effects. For the period 1979-2008, the impact of LULCC is shown as a reduction in SSR in most stations in EC, whereas SSR in the reanalysis data has increased at nearly every location. The competition of the dimming effect of LULCC with the brightening effect in the reanalysis results in an observed dipole pattern of SSR with slightly decreasing (increasing) trends in most stations north (south) of the Yangtze River and statistically significant decreasing trends in central EC. In terms of EC area mean, this competition has resulted in a slightly dimming trend in the observed SSR during 1979-2008, although a transition from an apparent dimming to a general leveling off near 1990 is identified. For the period 1990-2008, LULCC has significantly reduced SSR in central EC and southern China. This dimming effect of LULCC competes with the apparent brightening effect in the reanalysis to result in the general leveling off in the observed SSR in terms of EC area mean and a sandwich spatial pattern in the observed SSR in EC where parts of central EC show significant dimming. The impact of LULCC on the changes in SSR may be through both biogeophysical and biogeochemical processes.
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Introduction
Solar radiation that reaches the land surface, known as surface solar radiation (SSR), is a major component of the surface energy balance and governs a large number of diverse surface processes (Wild 2009a) . A key regulator of climate, SSR is also known as global solar radiation, surface insolation, or surface downward solar/shortwave irradiance, which is the sum of the direct and diffuse solar radiation.
SSR has not been constant on the decadal time scale and has shown significant variations, from decreasing to increasing, which is referred to as "from global dimming to brightening" (Wild et al. 2005; Wild 2009a ). The origin of the decadal variations in SSR has been suggested to be internal variations in the transparency of the atmosphere, depending on changing characteristics of clouds, aerosols, and radiatively active gases such as water vapor (Wild 2009a (Wild , 2012 , rather than external forcing by the sun, which shows change during this period of at least an order of magnitude smaller than SSR (Willson and Mordvinov 2003) .
In China, a decadal transition in SSR from dimming to brightening or at least a leveling off after approximately 1990 has also been reported (e.g., Liu et al. 2004; Che et al. 2005; Qian et al. 2007 Qian et al. , 2011a Shi et al. 2008; Tang et al. 2011) . Changes in clouds cannot explain the dimming because more cloud-free sky has been observed (Qian et al. 2006) . The transition can be seen more distinctly when the radiative effects of cloud cover variability is removed (Allen et al. 2013) . Several studies have suggested that the increasing emissions of anthropogenic aerosols have resulted in less solar radiation reaching the ground (Che et al. 2005; Qian et al. 2006 Qian et al. , 2007 Shi et al. 2008; Wild 2009a) . Moreover, researchers have suggested that changes in fuel utilization (Streets et al. 2008 ) and, thus, in anthropogenic aerosol composition and associated single-scattering albedo (Qian et al. 2007 ) may be responsible for the observed transition in SSR (Wild 2009a) . Global interests have been paid to the transition in China, particularly the leveling off period when the USA, Europe, and Japan have reported brightening trends, whereas China has experienced neither apparent brightening nor dimming (Wild 2012; Allen et al. 2013) . Therefore, this topic deserves additional research from different perspectives.
Since late 1978, China has undergone a reform and opening-up process that has dramatically changed land use/ land cover, particularly for the urbanization process. Land use/ land cover change (LULCC) is an important regional climate forcing that can largely influence the regional surface energy balance (Mahmood et al. 2010; Pielke et al. 2011) . In terms of shortwave radiation, LULCC can change outgoing/reflected shortwave radiation and absorbed shortwave radiation by changing land surface albedo. However, it remains unclear whether LULCC can change the incoming shortwave radiation reaching the land surface, i.e., SSR, and this topic has not been discussed in recent reviews of changes in SSR (Wild 2009a (Wild , 2012 , although it has been pointed out that urbanization effect may affect SSR because radiation sites are often located in urbanized areas (Alpert et al. 2005; Alpert and Kishcha 2008) .
In this study, observational evidence of the impact of LULCC on changes in SSR in China during 1979-2008 is presented. The diurnal temperature range (DTR), which is the difference between daily maximum (Tmax) and minimum temperature (Tmin) 2 m above the surface, is used as a proxy for SSR. This proxy has good prospects (Wild 2009a) because the DTR allows the separation of solar and thermal radiative influences, which affect the DTR in different ways (e.g., Bristow and Campbell 1984) . Tmax contains both solar influence and thermal long-wave radiative influences; and the solar flux is obviously only present during daytime, it affects the daily Tmax more than the daily Tmin. The nighttime Tmin, on the contrary, is mainly controlled by thermal radiative exchanges. Thus, Tmax minus Tmin (the DTR), to a considerable extent, eliminates thermal effects from the records, leaving the solar influence as a major forcing factor of DTR. Indeed, several studies have already demonstrated a high correlation of observed SSR and DTR in China (e.g., Liu et al. 2004; Qian et al. 2011a ). The temporal correlation coefficient has reached 0.88 in terms of annual mean during 1955-2000 (Liu et al. 2004 ) and during 1961 (Qian et al. 2011a ). In addition, the spatial pattern of the DTR trend is also similar to the downward SSR trend (Fig. 1) . Therefore, the DTR is a good proxy of SSR in both temporal and spatial scales and is widely used (e.g. , Wild 2009b; Wang and Dickinson 2013) . Compared with direct SSR measurements, the advantage of DTR is that it is measured globally with a network of much higher density and earlier records (Wild 2009a) . Because only 122 stations measure SSR in China, the DTR proxy can help to fill the gaps in the temporal and spatial distribution of SSR observations. Although the impacts of LULCC on DTR or its changes have been studied in many previous studies (e.g., Gallo et al. 1996; Kalnay and Cai 2003; Hu et al. 2010; Hua and Chen 2013) , among these studies few have considered DTR as a proxy of SSR. Since there are few available LULCC datasets with annual resolution currently, especially before 1980s, I use the observation minus reanalysis (OMR) approach proposed by Kalnay and Cai (2003) to disentangle the impact of LULCC from observed changes in DTR. The basic concept of the OMR method is that the NCEP/NCAR reanalysis data have not well assimilated the surface processes because surface observations of temperature, moisture, and wind over land are not used (Kalnay and Cai 2003; Kistler et al. 2001) ; however, the reanalysis data do assimilate atmospheric temperatures and other observations that are affected by greenhouse gases and volcanic aerosols (Cai and Kalnay 2004) . Therefore, OMR is believed to be attributable primarily to urbanization and other changes in land use (Kalnay and Cai 2003) . These effects include not only urbanization effects but also changes in agricultural practices, such as irrigation and deforestation, in addition to those of near-surface aerosols and precipitation associated with urbanization and industrialization (Kalnay et al. 2006) . These factors are all parts of LULCC, either as biogeophysical or biogeochemical processes.
The rest of the paper is organized as follows. Section 2 describes the data and methods used, and the research domain ; in b, the units are°C decade of this study is illustrated. Results for trends in 1979-2008 and 1990-2008 and the impact of LUCC on SSR during these periods are presented. A discussion is given in Section 4, followed by conclusions in Section 5.
Data and methods
Observational data used here are homogenized daily Tmax and Tmin datasets (Li and Yan 2009 ) based on 549 meteorological stations scattered across China for the period 1979-2008. In these datasets, most of the non-climatic local biases, such biases due to changes in meteorological station location and observational protocols, have been adjusted (Li and Yan 2009) . Reanalysis data used are National Centers for Environmental Prediction/Department of Energy (NCEP/DOE) Atmospheric Model Intercomparison Project (AMIP)-II reanalysis, hereafter referred to as R-2 (Kanamitsu et al. 2002) , for the period 1979-2008. Note that the OMR method proposed by Kalnay and Cai (2003) is based on the assumption that surface observations are not being used in the reanalysis; therefore, not all reanalysis datasets are suitable using this method. R-2 is designed to improve upon the NCEP/NCAR reanalysis, which is used in Kalnay and Cai (2003) , by fixing the errors and by updating the parameterizations of the physical processes. R-2 is believed to more accurately characterize soil moisture, clouds, and near-surface temperature over land (Kanamitsu et al. 2002) than NCEP/NCAR reanalysis and has been used to estimate the urbanization effect in South China (Zhou et al. 2004) . Data used from R-2 include the daily Tmax and Tmin at 2 m, monthly downward solar radiation flux at the surface (hereafter referred to as downward SSR), and monthly total cloud cover at entire atmosphere considered as a single layer. They are all T62 Gaussian grid with 192×94 gridpoints.
R-2 data were linearly interpolated to each meteorological station. DTR was calculated on the basis of daily Tmax minus Tmin. To address the leap year, we used the same scheme as that used by Qian et al. (2011b) in which we removed the value for 29 February and replaced the value for 28 February with the average value for 28 and 29 February. Therefore, the effect of the leap year has been considered, and the number of days in each year is always 365, facilitating the subsequent metric analysis. Temperature anomalies were then computed with respect to the 30-year monthly mean annual cycle for each station and each dataset as done in the data of Kalnay and Cai (2003) to avoid the systematic differences between the reanalysis and observations. Correlation coefficients were calculated between monthly/pentad observational and R-2 anomalies (Fig. 2) . Monthly correlation is used mainly to see whether reanalysis can well capture the interannual and interdecadal variability. Pentad correlation is used mainly to see whether reanalysis can well capture the weather process, the 10-20-day biweekly oscillation and 30-60-day intraseasonal oscillation. Most parts of eastern China are controlled by the East Asian monsoon; these variablilities are related to rainfall in summer (e.g,. Ju et al. 2005 ) and thus affect the SSR and temperature. When both monthly and pentad correlations are high, then the reanalysis captures well surface temperature variations caused by atmospheric activities, leaving OMR trend primarily from the impact of LULCC. On the basis of these correlation coefficients, we checked the reliability of R-2 in China and selected the target region as east of 105°E because the majority of stations in this region have monthly/ pentad correlation coefficients exceeding 0.7. In addition to this criterion, the following criteria were also used to select stations: (1) elevation must be below 500 m to avoid vertical extrapolation errors that may be introduced (Kalnay and Cai 2003) , and (2) the correlation coefficients for monthly/pentad Tmax and Tmin all exceeded 0.7. These three criteria resulted in selection of 277 stations (Fig. 3) , which evenly covers the majority of eastern China.
The linear trend at each station was estimated by using the ordinary least squares method, and the significance was assessed by using the Mann-Kendall test. In addition, we used the adaptive and temporally local data analysis tool of ensemble empirical mode decomposition (EEMD; Wu and Huang 2009; Huang and Wu 2008) method to reveal the nonlinear trend (Wu et al. 2007 ) in the area mean time series, which is the last component of EEMD result, to identify the evolution of trend (Fig. 4) . EEMD has been demonstrated powerful in handling nonlinear and nonstationary climate data (e.g., Wu and Huang 2009; Qian et al. 2009a Qian et al. , 2011a Wu et al. 2011 ).
Results

Trends in 1979-2008
In our research domain (Fig. 3) , more than 90 % (more than half) of stations have a correlation coefficient between observation and R-2 for Tmax (Tmin) exceeding 0.8 (Fig. 2) , which indicates that R-2 effectively captured the intraseasonal and interannual variability of the observations. However, the correlation coefficients for Tmax are generally larger than those for Tmin, indicating that R-2 to some extent do not well assimilate the surface information, particularly that related to urban conditions because the urbanization effect is observed more apparently in Tmin (e.g., Li et al. 2010; Ren and Zhou 2014) . Therefore, the OMR trend should primarily reflect the impact of urbanization and other changes in land use, as was proposed by Kalnay and Cai (2003) .
The observed Tmax for the period 1979-2008 increases at all stations in our research area (Fig. 3a) , most of which are statistically significant with the largest warming mostly in the lower reaches of the Yangtze River. In the meanwhile, the observed Tmin at nearly all stations shows significant increases with faster rates in northeastern China and much faster rates in North China Plain than those of Tmax (Fig. 3b) , resulting in a slight and insignificant decreasing trend in DTR in northeastern China and a significant decreasing trend in DTR in North China Plain (Fig. 3c) . In southern China, south of the Yangtze River, there are 123 stations and the warming rates in the Tmax (Fig. 3a) are generally slightly faster than those in the Tmin (Fig. 3b) , resulting in a slight and insignificant increasing trend in the DTR at most stations (Fig. 3c) . Compared with observation, R-2 (Fig. 3d-f) shows more spatially coherent characteristics, with trends in Tmax, Tmin, and DTR increasing at nearly all stations except for several in northeastern China showing slightly decreasing DTR trends (Fig. 3f) . The significant increasing trend in R-2 SSR, as reflected by both DTR (Figs. 3f and 1b) and downward SSR (Fig. 1a) , in southern China induces a significant warming trend in R-2 Tmax because the solar flux is obviously only present during daylight; thus, it affects Tmax more than Tmin. Figure 3g -i reveals that for the majority of stations in the research area, OMR trends cool the Tmax (Fig. 3g) by significantly reducing SSR at nearly all stations, as reflected by DTR (Fig. 3i) , whereas they warm the Tmin, particularly in North China Plain with a magnitude of 0.3-0.6°C decade −1 (Fig. 3h) . Because the OMR trends can be attributed primarily to urbanization and other changes in land use, as indicated by Kalnay and Cai (2003) , the effects of LULCC are reducing SSR at nearly all stations thus restraining Tmax and increasing Tmin at least in our research area for the period 1979-2008.
In terms of eastern China area mean (Table 1) , the observed and R-2 annual Tmax both show significant warming for the period 1979-2008, with R-2 warming faster than the observation. The effect of LULCC significantly cools the Tmax by 0.122°C decade −1 . Moreover, the observed, R-2, and OMR annual Tmin all show significant warming, with the observation warming faster than R-2. The effect of LULCC significantly warms the Tmin by 0.189°C decade −1 , which explains 37.9 % of the observed Tmin trend and is close to the estimation reported by Hu et al. (2010) .
For the area mean changes in SSR in our research domain, Fig. 4 shows that the observed SSR, as indicated by DTR, slightly decreases for the entire 30 years, although the results are not significant (Table 1) on global solar radiation data from radiation measurements in China (e.g., Qian et al. 2007 Qian et al. , 2011a . However, R-2 shows a more apparent solar dimming to brightening result, as evidenced from the EEMD nonlinear trend (Fig. 4) . The linear trend in R-2 DTR after 1990 is 0.498°C decade
, which is statistically significant at the 1% level, making the overall linear trend in the entire 30-year period significantly increase by 0.259°C decade −1 (Table 1 ). In contrast, the OMR trend in DTR reveals an overall decreasing trend, with an accelerated rate after 1990. Therefore, the overall effect of LULCC is significant (Table 1) . Symbols with a dot inside denote that the trend is statistically significant (p<0.05) a large part of the positive radiative forcing induced by other factors in the R-2.
Trends in SSR during 1990-2008
Many studies in China have reported the transition in SSR from decreasing trend to a leveling off in 1990 (e.g., Liu et al. 2004; Che et al. 2005; Qian et al. 2006 Qian et al. , 2011a Shi et al. 2008) , which is also evident in Fig. 4 . Therefore, in this section, we examine the spatial distribution of trends in SSR and the role of LULCC for the period 1990-2008 in greater detail. Figure 5a shows that during this period, the observed trend in DTR in our research domain shows a sandwich pattern, i.e., a slight increasing trend in northeastern China and southern China south of the Yangtze River, whereas a decreasing trend in North China Plain where linear trends in many stations are statistically significant. However, in R-2, nearly all of the stations show increasing trends in SSR, indicated from both the DTR (Fig. 5b) and the downward SSR (Fig. 5c) . Linear trends in more than half of the stations are statistically significant, particularly in southern China south of the Yangtze River, where the linear trends are much larger than those in other areas and are consistent in both DTR and downward SSR. The OMR trends (Fig. 5d) reveal that the effect of LULCC is decreasing the SSR at most stations, particularly in North China Plain and southern China, where linear trends are statistically significant at nearly all stations. Because the brightening effect in the R-2 induced by other factors is larger in southern China than that in North China Plain (Fig. 5b, c) ; the dimming effect of LULCC (Fig. 5d ) cannot fully offset other brightening effects (Fig. 5b, c) in that region, thus resulting in slightly brightening trends at most stations in this area in the observation (Fig. 5a ). In contrast, the dimming effect of LULCC exceeds other brightening effects in North China Plain, thus resulting in dimming trends in that region. Overall, the effects of LULCC on SSR, Tmax, and Tmin are all stronger after 1990 than those during the entire 30-year period (Table 1 ). This result is reasonable because the reform and opening-up process accelerated after Comrade Deng Xiaoping's speech during his inspection tour to southern China in early 1992.
Discussion
The dimming impact of LULCC on SSR in eastern China reported in this study (Figs. 3i, 4 , and 5d) may be partly associated with urbanization-related increasing anthropogenic aerosol concentrations by pollutant emission, which is a biogeochemical effect of LULCC. Alpert and Kishcha (2008) had shown that solar dimming was observed over only a limited part of the total land area and was restricted to highly populated sites dominated by anthropogenic aerosol emissions and that urban areas received less solar radiation than rural areas. Wu et al. (2012) reported decreasing trends in visibility at most stations in China in recent 50 years and visibility in large cities is lower than small cities. Significantly increased aerosol concentrations by pollutant emission in eastern China for the last few decades have been reported (e.g., Qian et al. 2009b ) and have been suggested to be responsible for the observed reduction in global solar radiation (Qian et al. 2007 ). Ren and Zhou (2014) showed that the urbanization effect significantly reduced DTR in China by comparing urban sites to rural sites, ) estimated over the entire 30-year period; those in the lower half indicate the linear trend coefficients estimated for the periods 1979-1989 and 1990-2008 . * (**)Denotes that the linear trend is statistically significant at p<0.05 (0.01) which were chosen from ordinary meteorological stations based on population. Other LULCC, such as the expansion of agricultural irrigated land in Henan and Shandong Province, may also reduce SSR through increasing cloud cover (Lobell et al. 2006) or water vapor (Douglas et al. 2006) in the daytime by biogeophysical processes. It should be noted that the observed change in cloud cover is a result of many factors. Hua and Chen (2013) conducted sensitivity simulations with potential land cover and with current land use in the NCAR Community Atmosphere Model (CAM4.0) to show that LULCC significantly reduced the DTR in eastern China. The dimming impacts of LULCC on SSR will eventually cool Tmax (Fig. 3g) . On the contrary, the impact of LULCC on Tmin may be mainly through urbanization biogeophysical effects, as indicated by Fig. 3h , which shows that the largest warming is located in North China Plain. Ren and Zhou (2014) showed that urbanization effects in China are more apparent for Tmin in North China Plain. These urbanization effects may be related mainly to the heat release from the urban infrastructure during the night. Overall, the impact of LULCC on Tmax and Tmin are different and thus need to be examined separately. The brightening in the reanalysis after 1990 (Fig. 5b, c) is important to the transition in the observed SSR. This brightening could be partly from the decreasing in total cloud cover especially in southern China in the reanalysis (Fig. 6) , although before 1990 changes in cloud cover made negligible contribution to the dimming (Qian et al. 2006; Norris and Wild 2009 ). Norris and Wild (2009) has also noted that between 1990 and 2002, the observed surface solar flux increased by a nonsignificant 4 W m −2 decade −1 over eastern China, half of which can be attributed to a reduction in . Symbols with a dot inside indicate the trend is statistically significant . Symbols with a dot inside denote that the trend is statistically significant (p<0.05) cloud cover. Other factors could also be possible and deserve further investigation.
The uncertainties in the reanalysis data due to the assimilation methods and models have been largely reduced in this study. First, the most important change in the assimilation was the introduction of satellite observing systems in December 1978, which could result in a spurious jump in the climatology. However, this is not a problem in this study, which focuses on a period after 1979. Moreover, systematic bias between the reanalysis and observation has been reduced by comparing anomalies in this study. Second, the OMR method proposed by Kalnay and Cai (2003) is based on the assumption that surface observations are not being used in the reanalysis, therefore, not all reanalysis datasets are suitable using this method. R-2, which is used in this study, is designed to improve upon the NCEP/NCAR reanalysis used in the data of Kalnay and Cai (2003) by fixing the errors and by updating the parameterizations of the physical processes. Admittedly, it is not possible to definitively attribute the OMR differences solely to the near-surface forcings (Kalnay et al. 2006 ). The results obtained in this study are much more illustrative rather than definitive.
Conclusions
In this study, we have examined the role of LULCC on changes in SSR in eastern China for the periods 1979-2008 and 1990-2008 by using homogeneous temperature data and by applying OMR approach from a surface solar energy perspective. The main findings are summarized in the following points:
1. For the period 1979-2008, the impact of LULCC was a reduction in SSR at most stations in eastern China, whereas SSR in R-2 showed increases at nearly all stations. The competition of the dimming effect of LULCC with the brightening effect in R-2 resulted in the observed dipole pattern of SSR, with slightly decreasing (increasing) trends in most stations north (south) of the Yangtze River and statistically significant decreasing trends in North China Plain. In terms of eastern China area mean, this competition resulted in a slightly decreasing trend (dimming) in the observed SSR during the entire 30-year period, although a transition from an apparent decreasing trend to a general leveling off was identified near 1990. 2. Over the same period, both the observed Tmax and Tmin showed warming in eastern China, where the impact of LULCC cooled the Tmax but warmed the Tmin at most stations. 3. For the period 1990-2008, LULCC significantly reduced SSR in North China Plain and southern China. This dimming effect competed with the apparent brightening effect in R-2, resulting in a general leveling off in the observed SSR in terms of the eastern China area mean and a sandwich spatial pattern in the observed SSR in eastern China in which parts of North China Plain showed significant dimming. This could explain to some extent the leveling off in the observed SSR since 1990 as referred to in the Introduction at least in eastern China.
